Well-resolved phylogenetic hypotheses and ontogenetic data are often necessary for investigating the evolution of structural novelty. The Sphaerodactylidae comprises 12 genera of predominantly miniaturized geckos. The genera Aristelliger and Teratoscincus are exceptions, with taxa reaching snout-to-vent lengths far exceeding those of other sphaerodactylids. These two genera possess enigmatic, supraorbital ossifications-parafrontal bones-which are encountered nowhere else among squamates. At the time of their discovery, these structures were believed to be the result of evolutionary convergence. Although relationships between other sphaerodactylids remain unresolved, recent molecular and morphological data have supported a close relationship between Aristelliger and Teratoscincus. We investigated the ontogeny of parafrontal bones to better understand relationships between sphaerodactylid body size and the presence of parafrontals, and to evaluate whether ontogenetic data support the homology of parafrontals between Aristelliger and Teratoscincus. We hypothesize that the parafrontals of Aristelliger and Teratoscincus are homologous and that there is a threshold body size in sphaerodactylids below which parafrontals do not develop, thus explaining their absence from the miniaturized taxa. The presence of parafrontals was investigated in all sphaerodactylid genera using cleared-andstained, radiographed, and skeletonized specimens. Total surface area of parafrontals was measured for seven species of Aristelliger and six species of Teratoscincus throughout their ontogeny. Histology was used to investigate the cellular composition of the parafrontals throughout their ontogeny. Our data suggest that parafrontals have evolved in parallel from a homologous, parafrontal precursor and that the onset of parafrontal development is not strictly dependent on a threshold body size. Anat Rec, 301:581-606,
Novel structures facilitate evolutionary diversification in organisms; however, the origins of these unique traits are often poorly understood (Goldschmidt, 1940; Gould, 2002; Moczek, 2005 Moczek, , 2008 Moczek et al., 2006) . Of fundamental interest is the identification and understanding of the evolution of homoplastic versus homologous characters, which requires the utilization of phylogenetic data to corroborate or falsify common ancestry, and developmental data to determine the mechanism of differentiation (Wake et al., 2011) . Recently, increased resolution of phylogenetic hypotheses within gekkotans (geckos) has revealed well-supported, sometimes novel, relationships (Gamble et al., 2008a; 2008b; 2015a; 2015b) . These results support the repeated, independent evolution of several important complex traits, including temporal activity, sex determining mechanisms, and adhesive toepads (Gamble et al., 2012 (Gamble et al., , 2015a (Gamble et al., , 2015b , and have implications for additional questions about homology and homoplasy.
The Sphaerodactylidae is a gekkotan family within which a variety of life histories and ecological traits are expressed. It is distributed across South America, the Caribbean, northern Africa, and the Middle East (Gamble et al., 2008a) . Sphaerodactylids comprise roughly 13% of described extant geckos (Uetz et al., 2017) , and most species are characterized by their derived miniaturized condition (Rieppel, 1984a) . Examples include Sphaerodactylus parthenopion (18 mm maximum snoutto-vent length [SVL] ; Schwartz and Henderson, 1991) , S. elasmorhynchus (17 mm maximum SVL), and S. ariasae, which, until recently (Glaw et al., 2012) , was the smallest described amniote, averaging 16 mm SVL (Hedges and Thomas, 2001) . The Sphaerodactylinae (sensu Gamble et al., 2008a) comprises the Old World miniaturized genus Saurodactylus and its sister clade, the New World miniaturized Sphaerodactylini (Chatogekko, Coleodactylus, Gonatodes, Lepidoblepharis, Pseudogonatodes, and Sphaerodactylus; Gamble et al., 2008a; Guerra-Fuentes et al., 2014) . Members of this group have lightly-built skulls (Daza et al., 2008; Gamble et al., 2011b) and generally exhibit extremely small adult body sizes. Of the 171 described sphaerodactyline species, only Lepidoblepharis grandis and nine species of Gonatodes reach sizes exceeding 50 mm SVL (Fig. 1 ). Furthermore, this clade can be characterized as miniaturized based on cranial morphology (skull length 15 mm, the braincase being co-planar with the parietals, and closure of the posttemporal fossae; Rieppel, 1984a; Daza et al., 2008) . Pristurus, the Old World sister lineage to the Sphaerodactylinae, comprises 25 species, only five of which reach sizes exceeding 50 mm SVL (e.g., Pristurus carteri; Fig.  1 ). The remaining members of the family (Aristelliger, Euleptes, Saurodactylus fasciatus, Teratoscincus, and Quedenfeldtia) are primarily distributed in the Old World (with exception to Aristelliger) and exhibit a variety of body sizes. Though Euleptes, S. fasciatus, and Quedenfeldtia also exhibit extremely small adult sizes (38-45 mm maximum SVLs), they are not miniaturized as they do not exhibit leveling of the braincase with the parietals or closure of the post-temporal fossae. Obvious exceptions to miniaturization occur in the genera Teratoscincus and Aristelliger (Fig. 1) . The maximum SVLs of Teratoscincus range between 73 and 116 mm (T. microlepis and T. keyserlingii, respectively; Anderson, 1999; Szczerbak and Golubev, 1996) , whereas the SVL range of Aristelliger is 50-135 mm (Schwartz and Henderson, 1991) . This range is the largest among sphaerodactylids and overlaps with other sphaerodactylid genera (Fig. 1) . Underwood (1954) originally placed Coleodactylus, Gonatodes, Lepidoblepharis, Pseudogonatodes, and Sphaerodactylus in the Sphaerodactylidae, although he noted that these miniaturized geckos shared traits such as rounded pupils with what are now considered Old World sphaerodactylids. Subsequent systematic work on geckos supported the monophyly of the miniaturized sphaerodactylids sensu Underwood (1954) (Kluge, 1967 (Kluge, , 1987 (Kluge, , 1995 Han et al., 2004) . The expansion of the Sphaerodactylidae beyond Underwood's hypothesis occurred when Gamble et al. (2008a) re-elevated Sphaerodactylus and its New World allies to the familial level, the Sphaerodactylidae. This revision also added the New World genus Aristelliger and the Old World genera Saurodactylus, Quedenfeldtia, Pristurus, Euleptes, and Teratoscincus to the family, stabilizing the current composition. These newly included taxa lie basal to the Sphaerodactylini or occupy a different familial branch. Subsequent analyses by Gamble et al. (2008b; 2015b) and Pyron et al. (2013) place sphaerodactylids as sister to the clade of Gekkonidae 1 Phyllodactylidae. Although the higher-level placement of the Sphaerodactylidae is well resolved, there is disagreement with regard to generic-level hypotheses, with recent molecular phylogenies recovering varying positions for Euleptes, Pristurus, and Saurodactylus (Gamble et al., 2011a (Gamble et al., , 2011b (Gamble et al., , 2015b .
The gekkotan Bauplan has been considered to be plesiomorphic among squamates (Conrad, 2004) . Gekkotan cranial morphology, however, is derived and specialized relative to that of other extant squamates (Kluge, 1983; Rieppel, 1984b; Herrel et al., 2000; Daza and Bauer, 2010; Gamble et al., 2012) . In the Sphaerodactylidae, Aristelliger and Teratoscincus possess enigmatic, novel supraorbital ossifications: parafrontal bones, or ossa parafrontalia (Bauer and Russell, 1989) . As originally described, these elements take the form of roughly 15-30 bony plates lacking cartilaginous components in the supraorbital region of the skull, held together by connective tissue. In Teratoscincus the bony plates are thin (mean 5 108 lm, N 5 30 sections; Bauer and Russell, 1989) , rugose, highly irregular in shape, extend from the rim of the orbit into the extra-brillar fringe (sensu Bellairs, 1948) , and lie in the same plane as the frontal and prefrontal bones (Fig. 2 ). Bauer and Russell (1989) originally described the connective tissue covering the dorsal surface of the bony plates, as well as the interstices between them, as mesenchyme. We acknowledge that this highly vacuolar tissue is not an embryonic meshwork, but rather a supraorbital, fibrous connective tissue sheet of probable mesenchymal origin. Parafrontal bones of Aristelliger are similar in position to those of Teratoscincus, but do not extend as far into the extrabrillar fringe, are smoother, less irregular in shape, and are separated by smaller interstices. These interstices are so small that the parafrontals of some skeletonized Aristelliger remain attached to the remainder of the skull, whereas those of skeletonized Teratoscincus do not. Parafrontal bones superficially resemble supraorbital osteoderms. Osteoderms, however, are rare in gekkotans, being present only in Tarentola, Gekko gecko, and Geckolepis (Cartier, 1872; Bauer and Russell, 1989; Daza et al., 2015; Vickaryous et al., 2015; Paluh et al., 2017; Scherz et al., 2017) . Parafrontal bones lie in the same subdermal plane as the frontal, prefrontal, and postorbitofrontal, suggesting that they are not osteoderms (Bauer and Russell, 1989) . Without any obvious evident function, the origin of these enigmatic structures is unknown. Parafrontal bones have not been found in any other squamates and are apparently unique to Aristelliger and Teratoscincus. However, a supraorbital fibrous sheet, similar to the tissue found dorsal to the parafrontals, has been described in the supraorbital region of the sphaerodactylid Quedenfeldtia trachyblepharis (Daza et al., 2008) . Because dermal bone partially derives from a mesenchymal matrix (Abzhanov et al., 2007; Vickaryous and Hall, 2008) , it is likely that the fibrous sheet is the precursor of parafrontals, which later originate by metaplastic ossification (Leverat-Calviac, 1986 , 1987 Levrat-Calviac and Zylberberg, 1986) . The presence of this fibrous sheet in Aristelliger, Teratoscincus, and Quedenfeldtia implies a strong likelihood that a similar structure will be present in other members of the same clade (Saurodactylus fasciatus and Euleptes; Fig. 1 ). There is only one structure that is comparable in the eublepharid gecko (Eublepharis macularius), however, this is a transient element that appears early in the development and becomes fused to the frontal bone (Wise and Russell, 2010) . This structure has been interpreted as an anteriorly shifted postfrontal bone, and has not been confirmed in any other gekkotan.
Parafrontal bones were originally observed in Aristelliger lar by Hecht (1951) , although they remained unlabeled in the figure in which they were illustrated. In that figure, Hecht illustrated two bony plates of different sizes occupying a supraorbital position, lying in the same plane as the frontal. McDowell and Bogert (1954) noted these elements in Hecht's illustration but mislabeled them collectively as a single palpebral bone, an element present within various groups of the Anguimorpha and Lacertoidea (sensu Reeder et al., 2015) , but absent from the Gekkota (Evans, 2008; Reeder et al., 2015) . Bauer and Russell (1989) subsequently discovered and described parafrontals in both Teratoscincus scincus and A. praesignis. Based on the hypothesized relationships among gekkotans at the time (Kluge, 1987) , these structures were initially regarded as being convergent. Although some topological disagreement exists between current morphological and molecular hypotheses, the most recent phylogenetic hypotheses for sphaerodactylids identify Aristelliger and Teratoscincus as close relatives, suggesting that their parafrontal bones are homologous (Gamble et al., 2008a; 2008b; 2015b; Daza and Bauer, 2012) . A significant impediment to understanding the evolution of parafrontal bones and assessing their homology is a complete lack of ontogenetic information.
Currently, the presence of parafrontals has only been corroborated for Aristelliger cochranae, A. georgeensis, A. lar, A. praesignis, Teratoscincus bedriagai, T. microlepis, T. przewalskii, and T. scincus (Bauer and Russell, 1989; Daza et al., 2008) . To test the putative homology of parafrontals, we investigated their presence in each representative species of Aristelliger, Teratoscincus, and all other sphaerodactylid genera. We additionally obtained data from ontogenetic series of Aristelliger and Teratoscincus (Gamble et al., 2015b) . Parenthetical numbers correspond to the recognized number of species within each genus (Uetz, 2017) . Adjacent boxplots indicate the range of maximum SVLs for the corresponding genus, based on maximum SVL data for 210 of the 215 recognized sphaerodactylid species (Blanford, 1881; Werner, 1896; Rivero-Blanco, 1968; Hoogmoed, 1973; Thomas, 1975; Schwartz and Henderson, 1991; Avila-Pires, 1995; Schleich et al., 1996; Szczerbak and Golubev, 1996; Anderson, 1999; Hedges and Thomas, 2001; Fong and Díaz, 2004; Barrio-Amor os and Brewer-Carias, 2008; Meiri, 2008; Rivas and Schargel, 2008; R€ osler et al., 2008; Díaz and Hedges, 2009; Largen and Spawls, 2010; Rojas-Runjaic et al., 2010; Schargel et al., 2010; Sturaro and Avila-Pires, 2011; Kok, 2011; McCranie and Hedges, 2012; Rivero-Blanco and Schargel, 2012; McCranie and Hedges, 2013; Rivas et al., 2013; Batista et al., 2015; Calder on-Espinosa and Medina-Rangel, 2016; Griffing et al., 2017) .
to determine whether parafrontals in both have the same developmental origins. The close relationship between Aristelliger and Teratoscincus suggests that their shared expression of parafrontal bones is not the result of convergence, but rather represents homology, at least at some level. That homology may be between the parafrontals themselves, or be associated with an underlying developmental homology that is a necessary precursor to the formation of parafrontals. If the latter prevails, then the actual structures observed in these taxa would be considered to be the result of parallelism (Wake et al., 2011) . We hypothesize that the parafrontal bones of Aristelliger and Teratoscincus are homologous. If homologous, the presence of these elements exclusively within Aristelliger and Teratoscincus could be explained by their relatively large body size within the Sphaerodactylidae. Therefore, we hypothesize that there is a threshold body size within this clade of sphaerodactylids, below which parafrontals do not develop, thus explaining their absence in miniaturized taxa.
Our objective is to determine whether the presence of parafrontal bones in Aristelliger and Teratoscincus is attributable to their phylogenetic relationships, their large body size relative to that of other sphaerodactylids, or the interplay between the two. The enigmatic nature of these elements raises three main questions: (1) are parafrontals, or a developmental precursor of them, the result of parallel evolution between Aristelliger and Teratoscincus or is this phenomenon general within this clade or all sphaerodactylids; (2) if parafrontals did not evolve independently, is their presence determined by a threshold size in sphaerodactylids; and finally, (3) is parafrontal expression the result of differential timing in development relative to that of other sphaerodactylids (i.e., heterochrony; Alberch et al., 1979) ?
MATERIALS AND METHODS
A total of 279 sphaerodactylid specimens, comprising skeletonized, cleared-and-stained, radiographed, and histologically sectioned preparations, were examined for this study (Tables 1 and 2). The majority of specimens were obtained from institutional collections. A subset of Teratoscincus keyserlingii were obtained commercially. A subset of Aristelliger barbouri and A. praesignis were field-collected on Great Inagua, Bahamas in July of 2015 and Jamaica in June of 2016, respectively. Ontogenetic series of osteological preparations of Aristelliger and Teratoscincus were examined to investigate gross parafrontal development. A total of 92 individuals of Aristelliger, including all described species (except the recently described A. reyesi) were examined. A large series of A. praesignis was examined to investigate intraspecific variation and the possibility of sexual dimorphism in parafrontal bones. A total of 28 individuals representing six of the seven recognized species of Teratoscincus were examined. Teratoscincus toksunicus was not included due to its dubious validity. Other sphaerodactylid genera, represented by 69 species (159 total specimens), were examined to serve as morphological comparisons across the spectrum of ontogeny and body size, and to confirm the absence of parafrontal bones in other sphaerodactylid genera. An additional 55 specimens of 38 gekkotan genera were examined for further comparison, composed of representatives of the Carphodactylidae, Diplodactylidae, Eublepharidae, Gekkonidae, and Phyllodactylidae (Table 2) . Particular focus of this interfamilial investigation was placed on the genera Ptenopus and Tarentola, which were studied by Bellairs (1948) and Bauer and Russell (1989) for their atypical supraorbital morphology. All field-collected and commercially obtained individuals were euthanized humanely using a 1% sodium-bicarbonate-buffered tricaine methanesulfonate (MS222) intracoelomic injection and subsequent 50% MS222 intracardiac injection, following the procedure described by Conroy et al. (2009) Adult and juvenile specimens, obtained in the field and from institutional collections, were skinned and eviscerated using a standard dissection kit. Following a protocol modified from Wassersug (1976) and Hanken and Wassersug (1981) , cartilage and bone were stained with alcian blue 8GX and alizarin red S, respectively, and the remaining tissue was subsequently cleared (detailed protocol in Bauer, 1986) . Digital radiographs were obtained at the Smithsonian National Museum of Natural History using a KevexTM PXS10-16W X-ray source and Varian Amorphous Silicon Digital X-Ray Detector PaxScan H4030R (130 kV, 81 lA). The supraorbital region was visualized and imaged using a Nikon SMZ1000 stereomicroscope and Nikon Digital Sight microscope camera. Scale was set by placing a translucent ruler adjacent to cleared and stained specimens or placing a radio-opaque item of a known length adjacent to radiographed specimens. Utilizing the resultant images and additional radiographs, surface area measurements and bony plate counts of osteological preparations were taken using Fiji v2.0.0 (Schindelin et al., 2012) . Measurements were rounded to the nearest 0.01 mm 2 based on the measurements of the smallest total surface area. Only one individual, A. babouri (KU 228575), exhibited parafrontal surface area less than 0.01 mm 2 . For several prepared skeletons (e.g., isolated skulls), body size data were unavailable. Because of this, skull lengths (SL) were used as a proxy for SVL. The correlation between SVL and SL is highly significant for the specimens used in this study (r 2 5 0.9543, F 5 6122, P < 2.2 3 10 216 ; R Core Team, 2014). For comparisons between drastically different sized species, ontogenetic stages are also represented by the percent of total body size (TBS), which was calculated by dividing the individual SVL by the maximum SVL for the particular species.
Preserved juvenile and adult Aristelliger and Teratoscincus heads were histologically sectioned to compare the morphology of the parafrontals through ontogeny (methods detailed in Supporting Information). Specimen heads and adjacent cervical regions of the spine were removed, dehydrated, and decalcified with Formical-2000 prior to embedding in paraffin wax (Humason, 1979) . Decalcification times depended on the size of the specimen. Adequate decalcification was confirmed when a razor blade could be push through the exposed cervical vertebrae of the decapitated specimen with minimal resistance. The smallest specimen, Aristelliger praesignis (KU 228996; 10.1 mm SL) was successfully decalcified after 20 hr, whereas the largest specimen, Teratoscincus keyserlingii (AMB 9211; 22.7 mm SL) was successfully decalcified after 136.5 hr in Formical-2000. Using a rotary microtome, transverse sections were cut 10 lm thick and subsequently affixed onto glass slides. Slides were stained with Masson's trichrome, following a protocol modified from Garvey (1984; Supporting Information; protocol described in Griffing, 2016) . This staining protocol results in nuclei being stained black, collagen green/blue, and muscle fibers and cytoplasm red. All slides were observed and photographed using a Nikon Optiphot compound 
RESULTS

Presence of Parafrontal Bones and Supraorbital Skeletogenic Fibrous Sheets in the Sphaerodactylidae
We verified the presence of parafrontal bones in all examined species of Aristelliger and Teratoscincus. We report, for the first time, parafrontal bones in A. barbouri, A. expectatus, A. hechti, T. keyserlingii, and T. roborowskii, and corroborate their presence in all species of Aristelliger and Teratoscincus except A. reyesi and T. toksunicus (not examined). No other gekkotans, either within or outside the Sphaerodactylidae, exhibited parafrontal bones. After examination of 111 osteological prepared specimens (74 cleared-and-stained, 8 skeletonized, and 7 radiographed Aristelliger; 22 cleared-andstained Teratoscincus), parafrontal bones were characterized based on bony plate shape, frontal-to-extra-brillarfringe distance, and anterior-to-posterior distance. These measurements were often variable within conspecifics of the same size and asymmetrical within an individual. Bony plate counts of adult Teratoscincus were not correlated with parafrontal surface area (r 2 5 20.02864, F 5 0.6101, P 5 0.4487). Bony plate counts of adult Aristelliger are significantly correlated with parafrontal surface area (r 2 5 0.2589, F 5 16.02, P 5 2.4 3 10 24 ); however, the low r 2 value suggests this is negligible. For these reasons, parafrontal surface area was used as a measure of overall parafrontal size.
We found fibrous connective tissue sheets in the extra-brillar fringe of cleared-and-stained specimens of Aristelliger and Teratoscincus, as well as other members of this clade: Saurodactylus fasciatus (MVZ 162547), Euleptes europaea (NMNH 58963), Quedenfeldtia trachyblepharus (CM 55055A; Fig. 3 ), as noted by Daza et al. (2008) . Hemidactylus mabouia (MCZ-A 27237; Gekkonidae), Phelsuma madagascariensis (CAS-SUR 13961; Gekkonidae), Phelsuma sundbergi (AMB 8435), Rhacodactylus auriculatus (CAS 165896; Diplodactylidae), and Aleuroscalobotes felinus (MVZ 111777; Eublepharidae) possess a connective tissue sheet in the supraorbital region that extends shallowly (200 mm) into the extrabrillar fringe. Without cranial histological sections of these species, we cannot determine the composition of this connective tissue. The fibrous sheets of Aristelliger, Euleptes, Quedenfeldtia, and S. fasciatus occupy a smaller percentage of the extra-brillar fringe area than the ovoid sheet exhibited by Teratoscincus. Cleared-andstained Pristurus carteri (MCZ 157119) and Gonatodes ceciliae (AMNH 108712) possess connective tissue extending laterally from the frontal, prefrontal, and postorbitofrontal bones into the extra-brillar fringe before eventually continuing with a ventrolateral inflection. Although superficially similar, this structure is less dense and less rigid than the fibrous sheets of Aristelliger, Teratoscincus, Euleptes, Quedenfeldtia, and S. fasciatus and likely represent a loose connective tissue artifact resulting from removal of the eyes during the clearing and staining process. This is further supported by the absence of an obvious fibrous sheet in coronal cranial histosections of G. ceciliae (NMNH 349540, 349541, 349542) . No other examined sphaerodactylid specimens possess obvious supraorbital structures. Several examined outgroup taxa possess firm connective tissue in the supraorbital region. Cleared-and-stained Ptenopus garrulus (CAS 8640, 8641, 8657; Gekkonidae) possesses large extra-brillar fringes containing connective tissue. Bellairs (1948) noted these remarkable extra-brillar fringes in his histological investigation of gecko spectacles. However, he did not illustrate the connective tissue or describe their histocomposition beyond being "thin" and "containing connective tissue and large blood-vessels." In his illustrations of Ptenopus, the blank space adjacent to the frontal and between the dermis and the eye occupies the same plane and space as the fibrous sheet in Aristelliger and Teratoscincus. In cleared-and-stained specimens, this layer is grossly similar to the supraorbital fibrous sheet of Aristelliger and Teratoscincus, is rounded in shape, and has a greater relative surface area than the fibrous sheets of sphaerodactylids. 
DEVELOPMENT OF PARAFRONTAL BONES
Histology of the supraorbital region of Teratoscincus and Aristelliger revealed that parafrontals develop directly from the supraorbital skeletogenic fibrous sheet.
In juvenile Teratoscincus the fibrous sheet is present prior to the formation of parafrontal bones, appears to contain numerous osteoblasts (Fig. 4) , and extends into the extra-brillar fringe (Fig. 5A) . Later in ontogeny, a thin condensation of the tissue occurs in the ventral portion of the sheet, before eventually condensing in the dorsal direction, forming rugose, bony plates (Fig. 5B ,C) similar to those originally described by Bauer and Russell (1989) . At this ontogenetic stage, ossification occurs adjacent to the rim of the orbit, with portions of the unossified fibrous sheet still present in the most lateral portion of the parafrontals. In adults, the fibrous sheet matrix persists along the dorsal surface of the bony plates, with the latter including osteocytes within lacunae (Fig. 4) . As seen in juvenile Teratoscincus, the fibrous sheet matrix is present prior to parafrontal ossification in juvenile Aristelliger (Fig. 6A) . The presence of osteoblasts and osteocytes later in ontogeny suggests that the ossification of the parafrontal bones is not metaplastic (Haines and Mohuiddin, 1968; Sire et al., 2009 ; Fig. 6B ). However, the matrix is denser than that of Teratoscincus and does not extend as far into the extrabrillar fringe. The developing bony plates replace the skeletogenic fibrous sheet, with the exception of a thin persistent layer adjacent to the dorsal surface of the smooth bony plates (Fig. 6B) . Ossification of the fibrous sheet that lies between the orbital rim and the most medial parafrontal bony plates (Fig. 6B,C) , and the resulting narrow interstices, accounts for the successful preservation of parafrontal bones in skeletonized specimens.
Parafrontal Development in Aristelliger
Bony plates were not present in embryos or hatchling specimens, suggesting that parafrontal bones ossify exclusively during postnatal development in Aristelliger (Figs. 7A,E,I and 8E,I). However, as reported in the histology results, the supraorbital skeletogenic fibrous sheet is present prior to parafrontal formation. A latestage embryo of Aristelliger barbouri (AMB 9357) also exhibits this sheet, suggesting its prenatal presence in other Aristelliger species. Parafrontal development begins as numerous small, lozenge-shaped ossifications, forming adjacent to the orbital rim ( Figs. (7 and 8) , and 9). Later in ontogeny the bony condensations along the orbital rim coalesce, forming elongate plates, and smaller plates form more laterally to the orbital rim, within the extra-brillar fringe. In adults, parafrontal bones comprise numerous bony plates and collectively constitute a crescent-shape in the supraorbital region, with larger plates adjacent to and smaller plates further from the orbital rim.
In Aristelliger barbouri (Fig. 7A-D) , the smallest species of Aristelliger, the onset of parafrontal development takes place later in ontogeny than most other examined species, between 24.4-36.7 mm SVL (49%-73% TBS). Approaching maximum body size (50 mm SVL; Schwartz and Henderson, 1991) , parafrontal bones occupy a smaller portion of the supraorbital region than is the case for other species (Table 3) , culminating in an elongate collection of thin bony plates, resembling the parafrontal bones of juveniles of larger-bodied Aristelliger species. In other small species of the subgenus Aristelligella, A. cochranae (Fig. 7E-H) and A. expectatus (Fig.  7I-L) , parafrontal bones first appear between 26.9 and 41.6 mm SVL (38%-59% TBS) and 25.5 and 38.5 mm SVL (49%-74% TBS), respectively. Individuals approaching the maximum body sizes for both species (63 and 52 mm SVL, respectively; Schwartz and Henderson, 1991), exhibit similar elongate collections of bony plates, but, these extend further laterally into the extrabrillar fringe and have considerably greater surface areas relative to skull length than do those of A. barbouri (Table 3 ). The onset of parafrontal ossification in larger species (subgenus Aristelliger) is variable. In A. georgeensis (Fig. 8A-D) , the first visible bony plate develops at 33.6 mm SVL (29% TBS). In A. praesignis (Fig. 8I-L) and A. hechti (Fig. 9) , parafrontal bones are already well-developed at 46.4 mm SVL (46% TBS) and 46.2 mm SVL (51% TBS), respectively. Initially parafrontal development between male and female A. praesignis follows similar ontogenetic trends of parafrontal surface area increase. However, as males eventually surpass females in SVL, the total parafrontal surface area of males becomes significantly larger (Wilcoxon signedrank test, P 5 5.1 3 10 210 ; R Core Team, 2014). In A. lar (Fig. 8E-H) , the largest species of Aristelliger, the onset of parafrontal development does not occur until 43.4-64.2 mm SVL (32%-47% TBS). Aristelliger lar reaches the largest size before developing parafrontal bones ( Figs. 8 and 10 ). Later in ontogeny of the larger Aristelliger species, bony plates adjacent to the margin of the orbit coalesce into 1-3 large, trapezoidal plates that border the lateral margin of the frontal. As smaller plates form further laterally, the collection of bony plates takes on an overall crescent shape that extends further laterally into the extra-brillar fringe than is the case for the smaller-bodied Aristelliger species. This results in a greater overall surface area when scaled to skull length (Table 3) . In some cases, such as in adult A. cochranae (Fig. 7H) , A. georgeensis (Fig. 8D) , A. lar (Fig. 8H) , and A. praesignis (Fig. 8L) , parafrontal bones recess into the frontal, prefrontal, or postorbitofrontal.
Parafrontal Development in Teratoscincus
Similarly to parafrontal development in Aristelliger, parafrontal bones develop exclusively during postnatal ontogeny in Teratoscincus. The initial ossifications of Teratoscincus parafrontals express as numerous, small, lozenge-shaped bony plates which form adjacent to the orbital rim, thus resulting in larger plates that border the lateral margin of the frontal and smaller plates extending further laterally from the orbital rim (Figs. 11 and 12) . In contrast to Aristelliger, the bony plates of Teratoscinus do not persist as elongate lozenge-, crescent-, or trapezoidal-shapes throughout ontogeny; but rather, they expand and coalesce with others and develop highly irregular outlines. Additionally, the bony plates of adult Teratoscincus are always more numerous than those of Aristelliger and occupy a greater area in the extra-brillar fringe (Tables 1 and 3; Fig. 13 ). The overall shape of the parafrontal bones is more variable than that of Aristelliger, culminating in an overall ovoidshaped collection of plates in T. scincus (Fig. 11A-D) , T. keyserlingii (Fig. 12D) , and T. roborowskii (Fig. 11I-L) , a crescent-shaped collection in T. microlepis (Fig. 12C) and T. bedriagai (Fig. 11E-H) , and an irregularly-shaped collection in T. przewalskii (Fig. 12A-B) . At sizes approaching maximum body size (72 mm SVL; Anderson, 1999) , the crescent-shaped collection of plates in the smallest species of Teratoscincus, T. bedriagai, occupy a smaller The precise onset of parafrontal ossification in Teratoscincus is unknown. Of the Teratoscincus examined in this study, only two specimens, T. przewalskii (CAS 167421, 37.4 mm SVL, 40% TBS; Fig. 12A ) and T. scincus (CAS 199550, 42 .0 mm SVL, 36% TBS; Fig. 11A ), did not exhibit bony plates early in ontogeny. Within these ontogenetic series, the next largest specimens are over 20 mm SVL longer and have well-developed parafrontal bones, indicating that parafrontal bones begin ossification at somewhere between 37.4 and 82.5 mm SVL (40%-69% TBS) and 42.0-64.0 mm SVL (36%-55% TBS) in T. przewalskii and T. scincus, respectively. The parafrontal bones of T. roborowskii (Fig. 11I-L) begin ossifying shortly before 44.2 mm SVL (51% TBS). The parafrontal bones of T. bedriagai (Fig. 11E-H) , T. microlepis (Fig. 12C) , and T. keyserlingii (Fig. 12D ) are welldeveloped by 56.2 mm SVL (75% TBS), 43.3 mm SVL (56% TBS), and 84.6 mm SVL (73% TBS), respectively. The exclusively postnatal parafrontal development exhibited by T. przewalskii and T. scincus is consistent with the parafrontal development exhibited by Aristelliger. 
DISCUSSION
Homology and Evolution of Parafrontal Bones
At its simplest, homology can be defined as similarity due to common ancestry (reviewed in Wake et al., 2011) . Often this similarity refers to a morphological character and can be identified by a combination of conditions: close phylogenetic relatedness of the taxa in which the character is present; conservation of structure and position of the character; and similar developmental origins ("uniqueness," "conservation," and "individuality," sensu Wagner, 1989) . The condensation of parafrontal bones occurs within the supraorbital skeletogenic fibrous sheet, in the absence of a cartilaginous precursor. Additionally, parafrontal bones of Aristelliger and Teratoscincus exhibit a similar postnatal onset of ossification and overall pattern of ossification. The presence of firm, supraorbital fibrous sheets in Quedenfeldtia, Saurodactylus fasciatus, and Euleptes supports the interpretation of this feature as a putative synapomorphy of this clade of sphaerodactylids. However further histological examination of the frontal region of Pristurus and Gonatodes ceciliae is needed to corroborate the absence of this fibrous sheet outside the clade containing Aristelliger and Teratoscincus. The close phylogenetic relationship between Aristelliger and Teratoscincus, the similar anatomy and position of their parafrontal bones, and the developmental data from this study, suggest that parafrontal bones result from parallel evolution, developing from a homologous skeletogenic fibrous sheet. Geckos exhibit similar parallel evolution of adhesive toepads (Russell, 1979; Gamble et al., 2012) . The spinulate Oberh€ autchen layer of the gekkotan subdigital epidermis is an ancestral trait (Maderson, 1970; Stewart and Daniel, 1972; Russell, 1979; Peattie, 2008) , which serves as a necessary precursor for further elaborations of the condition, resulting in multiple, parallel but not wholly independent, derivations of toepads. We propose that Considering the lack of a cartilaginous precursor and the tendency for parafrontals to coalesce with the prefrontals, frontals, and postorbitofrontals, we consider parafrontals to be lateral extensions of the dermal bone roofing series. A potential genetic underpinning of parafrontal expression can be attributed to the Sp7/Osterix zinc finger transcription factor, which is required for osteoblast differentiation in vertebrates (Nakashima et al., 2002) . In zebrafish (Danio rerio), sp7/osterix mutants exhibit delayed and abnormal postnatal craniofacial ossification (Kague et al., 2016) . Such abnormalities include atypical distribution of bony fragments in and around the frontals and parietals, as well as a failure of sutures to fuse. We hypothesize that Sp7/Osterix expression is disrupted in the extra-brillar fringe of Aristelliger and Teratoscincus area and results in the irregular postnatal ossifications that comprise parafrontal bones. The functional significance of parafrontal bones, if any, remains enigmatic. If there is no adaptive significance to possessing parafrontal bones, a possible nonfunctional explanation could be directional selection upon a pleiotropic gene (Atchley and Hall, 1991) . A possible function of parafrontal bones could be to serve as a connection point related to the kinetic articulations that are typical of gecko skulls. The supraorbital bone of Loxocemus (Loxocemidae) and pythonid snakes occupies a similar position to parafrontal bones. Although this bone is not homologous to parafrontal bones, it, along with the rest of the circumorbital bones, provides an important, kinetic connection between the upper jaw and braincase (Cundall and Irish, 2008) . Gekkotans, much like snakes, and unlike other non-ophidian squamates, possess highly kinetic skulls with reduced temporal arcades (Evans, 2008) . Sphaerodactyls, relative to other geckos, possess highly reduced skulls (Daza et al., 2008; Fig. 2C) . Therefore, additional connection between the rostral region and braincase, via a dorso-orbital connection (i.e., prefrontal, parafrontal bones, and postorbitofrontal), may facilitate similar cranial kinesis in the larger skulls of Aristelliger and Teratoscincus. However, the closest joint associated with kinesis is a mesokinetic joint between the frontal and the parietals (Herrel et al., 1999) , and no ligaments, tendons, or muscles connecting the supraorbital region to the mesokinetic joint have been identified. A clear correlate of parafrontal bones is a reduction of the dorsal bulging of the eyes, as exhibited in miniaturized sphaerodactyls (Daza et al., 2008) . The presence of two foveae within the eyes of sphaerodactyls suggests that dorsal bulging is an adaptation for binocular vision (R€ oll, 2001) . It is likely that binocular visual capability is limited in Aristelliger and Teratoscincus, and that these may exhibit a different field of vision. This reduction in dorsal bulging may have facilitated the condensation of the skeletogenic fibrous sheet.
Further functional capabilities of parafrontal bones can be inferred from the natural history of Aristelliger and Teratoscincus. The gekkonid Ptenopus, which possesses an extended extra-brillar fringe and dense supraorbital connective tissue, is a burrowing gecko (Haacke, 1975) . Teratoscincus has also been noted to burrow (Szczerbak and Golubev, 1996; Anderson, 1999) , and Aristelliger is known to inhabit crevices of trees (Henderson and Powell, 2009) . Additional protection over the orbits of these ablepharous lizards may prevent debris, associated with burrow or crevice excavation or disturbance, from damaging their eyes. The need for supraorbital protection may also be explained by interactions occurring during intraspecific aggression. Vickaryous et al. (2015) hypothesized that the robust osteoderms in the supraorbital region of Tarentola (Fig. 14) are used for protection from territorial conspecifics. Similarly, Teratoscincus has been noted to be aggressive and territorial, particularly gravid females (Szczerbak and Golubev, 1996) . Across sphaerodactylids, females are generally larger in size than males (Fitch, 1981; Cox and Kahrl, 2014) , although our field-collected series of Aristelliger praesignis exhibits significant male-biased sexual size dimorphism (77.5% average Female-Male Ratio sensu Fitch, 1981; Wilcoxon signed-rank test, P 5 0.001; R Core Team, 2014). Extremely large A. praesignis males often show signs of intraspecific attack: scarred bite- marks on the head and torso, missing digits, and occasionally a missing full manus. This suggests that larger Aristelliger species are likely subject to intraspecific aggression. Supraorbital protection, via parafrontal bones, may protect the eyes from conspecific attack. Future analysis of sexual shape dimorphism in parafrontal bones may elucidate their possible ecological function.
Parafrontal Bones, Sphaerodactylid Body Size, and Ontogeny
The ranges of sphaerodactylid body size and the current phylogenetic hypothesis of relationships suggest that ancestral sphaerodactylids were small-bodied (Fig. 1) , though miniaturization is likely not the plesiomorphic condition. Overlap in body size, between other sphaerodactylids and Aristelliger and Teratoscincus large enough to possess parafrontal bones, suggests that there is not a strict threshold body size below which parafrontal bones do not develop. The smallest skull length at which parafrontal bones were observed was 10.0 mm in Aristelliger barbouri. The absence of parafrontal bones and skull lengths above 10.0 mm in Gonatodes, Sphaerodactylus, and Pristurus would suggest clade specificity for a threshold parafrontal development body size. However, the absence of parafrontal bones and skull lengths above 10.0 mm in Euleptes and Quedenfeldtia, members of the clade to which Aristelliger and Teratoscincus belong, does not support this hypothesis. Heterochronic processes may partially explain the presence and development of parafrontal bones. The late postnatal appearance of parafrontal bones in Aristelliger and Teratoscincus suggests parafrontals are the result of peramorphic processes (Alberch et al., 1979; McNamara, 1986) . Peramorphosis, via hypermorphosis, is supported in Aristelliger due to their overall large size, osteological novelty (i.e., parafrontal bones and hemipenial bones; Kluge, 1982) , and peramorphic character states (e.g., postorbitofrontals with a dorsal shelf supporting the parietals, fused parietals, tall coronoid process; Daza et al., 2015) . However, peramorphosis would not likely explain the presence of parafrontal bones in Teratoscincus, which is considered to possess paedomorphic character states. The overall large body size, reduction in cranial fusion (e.g., paired frontals), and large orbits suggest Teratoscincus is neotenic (Stephenson and Stephenson, 1956; Alberch et al., 1979; Bauer, 1986; McNamara, 1986) . However, modularity likely exists in the developmental trajectories of the gekkotan circumorbital bones and evidence exists for the influence of adult size on embryo cell number (Alberch, 1985) . Such developmental constraints could force the presence of parafrontal bones in adults of Aristelliger and Teratoscincus, while precluding their presence in other sphaerodactylids. Parafrontal bones develop between 29% and 75% TBS in most Aristelliger and Teratoscincus we examined. Although further ontogenetic sampling of A. hechti, A. reyesi, T. bedriagai, T. microlepis, and T. keyserlingii is needed to corroborate the exclusive postnatal development of parafrontal bones in all taxa and to identify a more precise ontogenetic period in which parafrontal bones develop in these species. Either peramorphosis and paedomorphosis can explain the differences in parafrontal surface area and overall morphology within the genus Aristelliger. The earlier onset (i.e., predisplacement) of parafrontal development in large species of Aristelliger (29%-47% TBS; A. georgeensis, A. lar, A. praesignis; Fig. 10 ) compared to smaller species of Aristelliger (59%-74% TBS; A. barbouri, A. cochranae, A. expectatus; Fig. 10 ) and Teratoscincus (51%-65% TBS; T. przewalskii, T. roborowskii, T. scincus; Fig. 10 ) could suggest that larger Aristelliger are peramorphic (Alberch et al., 1979) . Alternatively, if large species represent the ancestral ontogenetic trajectory for the genus, the extremely late onset of parafrontal development in small species of Aristelliger could be interpreted as postdisplacement, implying that the small forms are paedomorphic (Alberch et al., 1979) . The current hypothesis of Aristelliger relationships Fig. 13 . Parafrontal surface area, scaled to skull length, for all sphaerodactylids examined in this study. Black circles, white circles, and gray circles correspond to an Aristelliger, Teratoscincus, and other sphaerodactylid specimens, respectively. The scaled parafrontal surface areas for Aristelliger and Teratoscincus differ significantly (ANCOVA, P 5 3.94 3 10 -9 ). suggest that large species (subgenus Aristelliger) and small species (subgenus Aristelligella) are sister clades (Cloud, 2013) and that the sister lineage to Aristelliger as a whole is a small-bodied genus, Quedenfeldtia (Gamble et al., 2015b) . Given this, we hypothesize that the condition exhibited by small-bodied Aristelliger is likely ancestral to the genus, implying that larger Aristelliger are peramorphic.
CONCLUSIONS
The parafrontals of Aristelliger and Teratoscincus have homologous developmental origins. Furthermore, the identification of the supraorbital skeletogenic fibrous sheets in the clade to which these taxa belong suggests this character may be useful for future phylogenetic analyses. This precursor to parafrontal bones is only found in the sphaerodactylid clade containing Aristelliger, Teratoscincus, Quedenfeldtia, Euleptes, and Saurodactylus fasciatus, regardless of the maximum body size of any of the included taxa ( Fig. 10 ). Within this clade, there is not a definitive threshold body size below which parafrontal bones do not develop; however, the onset of parafrontal development occurs between 38 and 64 mm SVL in Aristelliger and Teratoscincus. These lineages, including the relatively small-bodied A. barbouri, reach maximum sizes exceeding those of Quedenfeldtia, Euleptes, and S. fasciatus (Fig. 10 ), suggesting that large body size is associated with the development of parafrontal bones within this clade. Within these largebodied lineages, the onset of parafrontal development differs between individual species (Fig. 10) . The possible heterochronic processes occurring, specifically in Aristelliger, indicate that ontogenetic stage is an important factor in formation of parafrontal bones. Therefore, the presence of parafrontal bones cannot be explained by phylogeny, body size evolution, or shifts in ontogenetic trajectory alone; but rather all three of these processes likely contribute to the evolution and development of these novel structures.
